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Electrical stimulation of the reticular nucleus of the rat thalamus results in activation
of c-fos immunoreactivity in nerve cells of the ipsilateral retrosplenial cortex. The c-
fos immunoreactive neurons are mainly concentrated in lamina IV of the retrosplenial
cortex. Conversely, electrical stimulation of the retrosplenial cortex induced c-fos
immunoreactivity in the ipsilateral reticular nucleus of the thalamus. The results of
the electrical stimulation suggest a direct synaptic connection between the cerebral
cortex and the ipsilateral reticular thalamic nucleus. Simultaneous immunohisto-
chemical staining proves that the majority of nerve cells and dendro-dendritic
terminals in the reticular thalamic nucleus contain parvalbumine and, at the same
time, also GABA. The role of GABA-ergic parvalbumine immunoreactive terminals in
the reticular thalamic nucleus seems to be related to integration and processing of
impulses and attentional gating, distinguishing between noxious and innocuous inputs.
& 2005 Elsevier GmbH. All rights reserved.Introduction
The reticular nucleus of the thalamus (RTN) plays
the role of the ‘‘guardian of the gate’’ (Crick,
1984), since it controls the output of cortically5 Elsevier GmbH. All rights rese
2 544 918; fax: +36 62 545 707.
zote.u-szeged.hu (B. Csillik).projecting cells. While it receives inputs from the
dorsal thalamus and from the cerebral cortex
(Carman et al., 1964), corticothalamic fibers
arriving at the dorsal thalamus give collaterals to
the RTN while its cells project back to the dorsalrved.
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nuclei and the dorsal relay nuclei of the thalamus
project to the RTN, and both receive afferents from
the RTN (Carpenter and Sutin, 1983). Strategically
located between the cerebral cortex and the
specific nuclei of the thalamus, the RTN is situated
to sample neural activity arriving from the cerebral
cortex and to forward it to the dorsal thalamus, by
mediating intrathalamic sensory connections (Crab-
tree, 1999). While formerly RTN was seen as a
‘‘diffusely organized cell group closely related to
the reticular formation of the brain stem’’, now it
is regarded as ‘‘a complex, tightly organized entity
that has a significant inhibitory, modulatory action
on the thalamic relay to cortex’’ (Guillery and
Harting, 2003).
Our aim was to demonstrate, with immunohisto-
chemical methods, the connections of the RTN with
the cerebral cortex, and vice versa, the connec-
tions of the cerebral cortex with RTN.Materials and methods
Investigations were carried out on 48 young adult
Wistar rats, obtained from the animal house of the
Albert Szent-Gyo¨rgyi Medical and Pharmaceutical
Center, University of Szeged. Care of the animals
was in conformity with the guidelines controlling
experiments and procedures in live animals, as
described in the Principles of Laboratory Animal
Care (NIH Publication No. 85-23, revised 1985), and
also complied with the guidelines of the Hungarian
Ministry of Welfare. Experiments were carried out
in accordance with the European Communities
Council Directive (24 November 1986; 86/609/
EEC) and the Guidelines for Ethics in Animal
Experiments, of the Albert Szent-Gyo¨rgyi Medical
and Pharmaceutical Center of the University of
Szeged.
Immunocytochemistry
For the demonstration of c-fos, we used a
polyclonal anti-rat antibody raised in rabbits
(Genosys Biotechnologies, Cambridge, UK). Preli-
minary experiments showed best staining results
with antibody dilution 1:1000. Animals were sub-
jected to transcardial perfusion with Zamboni’s
picroaldehyde fixative in deep chloral hydrae
anesthesia. Endogenous peroxidase activity was
blocked by the application of 0.3% hydrogen
peroxide diluted in methanol, for 10min, followed
by three successive rinses in 0.1M phosphate
buffer. Free-floating sections were pre-treatedwith blocking serum (0.1M PBS [phosphate buffered
saline]), 10% normal goat serum, l% BSA [bovine
serum albumin] and 0.3% Triton X-100) on a shaker
plate at room temperature for l h, and then
transferred into the primary antibody. Incubation
was carried out at 4 1C on a shaker for 36 h,
followed by three rinses in 0.1M phosphate buffer.
To detect the bound primary antibody, we used the
avidin-biotin peroxidase method. Kits were ob-
tained from Vector Laboratories (Burlinghouse,
USA). The secondary antibody, biotinylated anti-
rat immunoglobulin was applied for 90min at room
temperature. Three more rinses in 0.1M phosphate
buffer were followed by incubation in the avidin-
biotinylated-peroxidase complex for 60min at
room temperature. After three rinses in 0.1M
phosphate buffer, peroxidase activity was visua-
lized by the histochemical reaction involving
diamino-benzidine-tetrahydrochloride and hydro-
gen peroxide (3 ml of 30% H202 to 10ml 1% DAB).
After three rinses in 0.1M phosphate buffer, free-
floating sections were dehydrated in a graded
series of ethanols, cleared in xylene and cover-
slipped with Permount.
Specificity of the immunohistochemical reaction
was assessed by means of the following treatments:
(1) omission of the first specific antiserum; (2) use
of normal rabbit or mouse serum instead of anti-PV
antiserum; (3) treatment according to the avidin-
biotin complex method, from which one of the
steps had been omitted; (4) pre-absorbtion of the
specific antibody with blocking peptide sc7447P and
sc7448P at 4 1C for 24 h. None of these specimens
showed any reaction.
Electrical stimulation of the RTN was performed
on six animals in a stereotactical apparatus, at
parameters 1.8mm from the bregma, 2.5mm
lateral from the midline and 5mm deep from the
skull surface, in chloral hydrate anesthesia (0.6 g/
kg body weigh). The skull was drilled at the
appropriate position, using a dental drilling ma-
chine, until the dura mater was exposed. Unilateral
electrical stimulation of the RTN was carried out by
means of a concentric bipolar electrode, 0.5mm in
diameter (FHC Brunswick, ME, USA, Cat. No. 17-75-
2), center pole connected to the cathode, placed
stereotactically. The stimulation was performed
with square pulses at 7.5 frequency, 5ms duration,
0.8–1.4mA intensity, for 30min.
Electrical stimulation of the retrosplenial cortex
was performed on six animals in a stereotactical
apparatus, at parameters 6.8mm from the
bregma, 0.5mm from the midline and 2.5mm deep
from the skull surface, in chloral hydrate anesthe-
sia as above. Parameters of electrical stimulation
were identical as above.
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Figure 2. Immuno-histochemical demonstration of c-fos
IR in the retrosplenial cortex, after electrical stimulation
of the ipsilateral RTN, at higher power. The number of c-
fos IR neurons is significantly increased at the sile of
stimulation (apparent right). cc: corpus callusum; cx:
retrosplenial cortex. Arrow points at lamina IV of the
retrospenial cortex which has been indirectly activated
by stimulation of the ipsilateral RTN. Scale bar, 0.1mm.
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After unilateral electrical stimulation of RTN, a
very intense c-fos immunoreactivity (IR) appeared
in the ipsilateral retrosplenial cerebral cortex (Fig.
1). The number of c-fos IR neurons was 92712 per
2500 mm2 at the side of stimulation and 15710 per
2500 mm2 at the control side (Fig. 2). Statistical
evaluation of the results has shown that the
stimulation-induced increase in the number of
c-fos IR neurons was highly significant, po0:001
(Fig. 3).
After unilateral electrical stimulation of the
retrosplecnial cortex, an intense c-fos IR appeared
in the ipsilateral RTN (Fig. 4). The number of c-fos
IR neurons was 42711 per 2500 mm2 at the side of
stimulation and 775 per 2500 mm2 at the control
side (Fig. 5). Statistical evaluation of the results
has shown that the stimulation-induced increase in
the number of c-fos IR neurons was highly sig-
nificant, po0:001:Figure 1. Immuno-histochemical demonstration of c-fos
IR in the cerebral cortex, after electrical stimulation of
the ipsilateral RTN. The number of c-fos IR neurons is
significantly increased in the retrosplenial cortex, at the
sile of stimulation (apparent right). Scale bar, 0.5mm.
Figure 3. Histogram demonstrating the numbers of c-fos
IR neurons in the ipsi- and contralateral retrosplenial
cortex, after electrical stimulation of the RTN, in
bicuculline-treated animals and without bicuculline, in
2500 mm2 area of different layers of the cortex (I, II, III,
IV, V, VI). C: control; st: stimulated; NaCl: without
bicuculline treatment; bicuc: after bicuculline treat-
ment. Asterisk denotes significant alterations ðpo0:01Þ;
double asterisk stands for very significant alterations
ðpo0:001Þ:Counterstaining with PV revealed that the
affected nerve cells in RTN are identical with those
exhibiting PV IR under normal conditions.Discussion
Electrical stimulation of the RTN supports the
notion that RTN is in structural synaptic contact
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Figure 4. Immuno-histochemical demonstration of c-fos
IR in the RTN, after electrical stimulation of the
ipsilateral retrosplenial cortex, at low power. RTN:
reticular nucleus of thalamus; Th: dorsal thalamus. Scale
bar, 0.5mm.
Figure 5. Immuno-histochemical demonstration of c-fos
IR in the RTN, after electrical stimulation of the
ipsilateral retrosplenial cortex, at higher power. RTN:
reticular nucleus of thalamus; Th: dorsal thalamus. Scale
bar, 0.05mm.
E. Knyihar-Csillik et al.248with the retrosplenial cerebral cortex. This contact
is, however, functionally blocked by GABA. Accord-
ingly, electrical stimulation alone of RTN, unless it
had been treated with bicuclline, did not produce
any visible alteration in the c-fos IR of the cortex.
However, if GABA-A receptors were previously
blocked by bicuculline, subsequent electrical sti-
mulation of RTN resulted in immunohistochemically
detectable activation of neurons in the ipsilateral
cerebral cortex. In this context, it should be
reminded that bicuculline is, according to Curtis
et al. (1971) a powerful antagonist of GABA.
Immunohistochemical demonstration of c-fos pro-
tein, a product of the proto-oncogene c-fos, has
been repeatedly used as a marker for neuronal
activity which ensues after electrical stimulation(Hunt et al., 1987; Menetrey et al., 1989; Mugniani
et al., 1989; Bullitt, 1990; Molander et al., 1992;
Persson et al., 1993). The rationale of this approach
is that c-fos is expressed within several neuronal
types following voltage-gated calcium entry into
the cell (Morgan and Curran, 1986).
Conversely, electrical stimulation of the retro-
splenial cortex induced appearence of c-fos IR in
the majority of neurons in the ipsilateral RTN. Since
this induction of IR does not require inhibition of
GABA, it stands to reason to assume that cortico-
reticular connections are not blocked by any GABA-
ergic interneuronal system.
Thus, in summary, it can be assumed that GABA-
ergic and PV IR structures in the RTN subserve the
goal of integrating and processing impulses at the
RTN and furthering information for final analysis in
the cerebral cortex (Yingling and Skinner, 1976).
The inverse connections, from cortex to RTN, are
apparantly subserving the role of RTN in coinci-
dence detection, as suggested on the basis of
voltage-dependent dye-imaging studies (Llina´s
et al., 2002). Since RTN is supposed to be
responsible for executive attention (Kilmer, 2001)
and attentional gating (McAlonan and Brown,
2002), it can be assumed that the bilateral
connections between RTN and cortex, demon-
strated us by structural (immunohistochemical)
methods, are involved in the system responsible
for determining the level of attention versus
distraction, mainly in the field of nociception, as
proposed earlier by the Nobel laureate Crick
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